Oral feed-based passive immunization can be a promising strategy to prolong maternal lactogenic immunity against postweaning infections. Enterotoxigenic Escherichia coli (ETEC)-caused postweaning diarrhea in piglets is one such infection that may be prevented by oral passive immunization and might avert recurrent economic losses to the pig farming industry. As a proof of principle, we designed anti-ETEC antibodies by fusing variable domains of llama heavy chain-only antibodies (VHHs) against ETEC to the Fc part of a porcine immunoglobulin (IgG or IgA) and expressed them in Arabidopsis thaliana seeds. In this way, four VHH-IgG and four VHH-IgA antibodies were produced to levels of about 3% and 0.2% of seed weight, respectively. Cotransformation of VHH-IgA with the porcine joining chain and secretory component led to the production of light-chain devoid, assembled multivalent dimeric, and secretory IgA-like antibodies. In vitro analysis of all of the antibody-producing seed extracts showed inhibition of bacterial binding to porcine gut villous enterocytes. However, in the piglet feed-challenge experiment, only the piglets receiving feed containing the VHH-IgA-based antibodies (dose 20 mg/d per pig) were protected. Piglets receiving the VHH-IgA-based antibodies in the feed showed a progressive decline in shedding of bacteria, significantly lower immune responses corroborating reduced exposure to the ETEC pathogen, and a significantly higher weight gain compared with the piglets receiving VHH-IgG producing (dose 80 mg/d per pig) or wild-type seeds. These results stress the importance of the antibody format in oral passive immunization and encourage future expression of these antibodies in crop seeds. molecular farming | mucosal immunity | nanobody | enteric infections | antibiotic replacement L ike humans, young mammals inherit a battery of protective immunoglobulins transplacentally and after birth through the maternal milk, which protects them from infections during the first phase of their life. Exceptionally, however, economically important farm animals, such as pigs, horses, sheep, and cows, acquire their passive systemic immunity only after birth by colostral uptake, and their passive mucosal gastro-intestinal immunity during the whole period of lacteal uptake (1). After weaning, the latter is lost, rendering the animals vulnerable to gastrointestinal infections. In this phase, antibiotics become an important arsenal against common bacterial infections. However, given the risk of introducing antibiotic-resistant strains, suitable alternatives are needed (2, 3).
Oral feed-based passive immunization can be a promising strategy to prolong maternal lactogenic immunity against postweaning infections. Enterotoxigenic Escherichia coli (ETEC)-caused postweaning diarrhea in piglets is one such infection that may be prevented by oral passive immunization and might avert recurrent economic losses to the pig farming industry. As a proof of principle, we designed anti-ETEC antibodies by fusing variable domains of llama heavy chain-only antibodies (VHHs) against ETEC to the Fc part of a porcine immunoglobulin (IgG or IgA) and expressed them in Arabidopsis thaliana seeds. In this way, four VHH-IgG and four VHH-IgA antibodies were produced to levels of about 3% and 0.2% of seed weight, respectively. Cotransformation of VHH-IgA with the porcine joining chain and secretory component led to the production of light-chain devoid, assembled multivalent dimeric, and secretory IgA-like antibodies. In vitro analysis of all of the antibody-producing seed extracts showed inhibition of bacterial binding to porcine gut villous enterocytes. However, in the piglet feed-challenge experiment, only the piglets receiving feed containing the VHH-IgA-based antibodies (dose 20 mg/d per pig) were protected. Piglets receiving the VHH-IgA-based antibodies in the feed showed a progressive decline in shedding of bacteria, significantly lower immune responses corroborating reduced exposure to the ETEC pathogen, and a significantly higher weight gain compared with the piglets receiving VHH-IgG producing (dose 80 mg/d per pig) or wild-type seeds. These results stress the importance of the antibody format in oral passive immunization and encourage future expression of these antibodies in crop seeds. molecular farming | mucosal immunity | nanobody | enteric infections | antibiotic replacement L ike humans, young mammals inherit a battery of protective immunoglobulins transplacentally and after birth through the maternal milk, which protects them from infections during the first phase of their life. Exceptionally, however, economically important farm animals, such as pigs, horses, sheep, and cows, acquire their passive systemic immunity only after birth by colostral uptake, and their passive mucosal gastro-intestinal immunity during the whole period of lacteal uptake (1) . After weaning, the latter is lost, rendering the animals vulnerable to gastrointestinal infections. In this phase, antibiotics become an important arsenal against common bacterial infections. However, given the risk of introducing antibiotic-resistant strains, suitable alternatives are needed (2, 3) .
One such globally occurring gastrointestinal infection is the piglet postweaning diarrhea (PWD) caused by enterotoxigenic Escherichia coli (ETEC). The ETEC-related PWD in piglets is an important cause of economic losses, which result from either piglet death in case of acute ETEC infections, or poor weight gain observed in surviving piglets (3, 4) . The ETEC strains bearing F4 fimbriae (F4 + ETEC) are most often isolated from diseased piglets. Attachment of F4 fimbriae via adhesin FaeG to specific F4 receptors (F4Rs) on the pig intestinal brush border is the first step in elicitation of infection. Colonization of the gut is followed by secretion of one or more toxins (LT, STa, or STb), leading to acute diarrhea (3) . F4
+ ETEC strains can bear three variants of the FaeG adhesin: FaeGab, FaeGac, or FaeGad, each having a conserved "a" epitope and one of the respective variable epitopes "b," "c," or "d" (5) . Considerable efforts have been invested in developing vaccines against the F4 + ETEC, however, with limited success. It has been established that to prevent this enteric infection, mucosal immunity is needed and oral vaccination with FaeG has been successful in raising protective secretory IgAs at the intestinal surface (6) . However, development of oral vaccines is hurdled by the prospects of being neutralized by the preexisting maternal antibodies in the consumed milk, and gastric digestion of vaccines before priming of the immune system (6) . Moreover, vaccines do not provide immediate protection on administration, because they require time to induce antibodies at the intestinal mucosal surface (6) .
As an alternative, we envisaged a strategy to prolong the passive immunity postweaning by producing anti-F4 + ETEC antibodies in seeds that can be incorporated into the starter feed of weaned piglets. The seeds would provide an antibody production platform with ease of storage at high concentrations in a confined space, and convenience of oral administration, which is particularly advantageous for large herds of piglets (7, 8) . More importantly, the crushed seed matrix might protect the antibodies from gastric digestion by outcompeting proteases, as demonstrated in the case of in-pea-seed-produced anti-Eimeria antibodies administered in chicken fodder (9) . As a proof of concept, we developed anti-F4 + ETEC antibodies in seeds of Arabidopsis thaliana, transformation of which is easier than that of feed crops, and sufficient antibody-producing seeds can be upscaled in greenhouses in a relatively short time.
To engineer a robust anti-F4 complementarity determining region (CDR3) of VHHs often forms a convex loop, which can interact with deep antigenic clefts (11) , and together with CDR1 provides VHHs an enhanced repertoire of antigen binding paratopes (12) . The VHHs were grafted onto porcine Fc to ensure multiple valences, necessary for agglutination (cross-linking) of the bacteria and to prevent bacterial attachment to receptors on gut villous enterocytes (13) . Another advantage of using VHH-Fc is that only one gene has to be transformed to produce a functional homodimer. Four isolated anti-F4 + ETEC VHHs were fused to the Fc fragment of porcine IgG3 and IgA b , and expressed under the control of the seed-specific β-phaseolin promoter (14) .
The predominant antibody at the mucosal surfaces is the secretory IgA (SIgA); the polyvalent antigen-binding domains and the secretory component (SC) impart higher efficacy, retention time, and protection from proteolytic degradation (15) . Although progress is being made in the recombinant production of SIgAs in mammalian cells or from plasma-purified polymeric IgAs reconstituted as SIgAs, their mass production is still challenging (15, 16) . Plants, on the other hand, have been proven to be an effective expression system for production of SIgAs. Ma et al. (17) expressed an SIgA in tobacco plants by successively crossing lines expressing the four elements: the heavy and light chains, the joining (J) chain to express dimeric IgA (dIgA), and the SC. Today, the only recombinant SIgA approved for marketing is CaroRx, an anti-Dental caries antibody manufactured in tobacco plants (18) .
Aiming to tap the benefits of SIgA, but refraining from the complex hetero-decameric SIgA structure of ∼400 kDa, we coexpressed the porcine J chain and SC, along with the VHHIgA chain, and could demonstrate in-seed production of unique simplified (light-chain devoid) VHH-IgA-based dimeric (dVHHIgA) and secretory IgA (sVHH-IgA) antibodies.
Here, we describe the antibody construction, its in-seed production, and efficacy in preventing F4
+ ETEC infection when fed to weaned piglets. The positive results demonstrate the feasibility of in-seed-based oral passive immunization and highlight the need for apt antibody design.
Results

Anti-F4
+ ETEC VHHs Agglutinate All Serotypes of F4 + ETEC Bacteria in Multivalent Format. The predominantly identified FaeGac adhesin, which is associated with acute diarrhea in piglets (19) , was used to immunize a llama. Using phage-display technology, the VHHs from the llama immune library were panned against the antigens FaeGac and FaeGad for isolating VHHs specific for conserved epitopes of FaeG variants. This process enabled the selection of a panel of 79 VHHs, which specifically recognized FaeG as well as purified F4 fimbriae in respective ELISAs. The sequence of all of the VHHs showed the occurrence of the typical structurally conserved framework regions in which three distinct hypervariable CDRs were embedded (12) . Based on the deduced amino acid sequence and the divergence in CDR3, the 79 VHH sequences could be divided into three clades. Four VHHs representing these three clades were selected and named V1, V2, V3, and V4 (Fig. S1A) . The VHHs V3 and V4 belonged to the third clade and differed by a single Lys-100-Arg amino acid substitution within the CDR3 loop ( Fig. S1 A and C) .
Furthermore, the four VHHs in a multivalent format, being covalently coated on magnetic beads, showed specific agglutination with the three serotypes of F4 + ETEC bacteria and not with the negative control (E. coli strain K514) or with the nonspecific fimbriae control (F18 fimbriae) (Fig. S1B) .
Production of High Accumulating VHH-IgG Bivalent Antibodies in
Arabidopsis Seeds. The native sequence of each of the four anti-F4 + ETEC monovalent VHHs was grafted on the hinge of the codon-optimized sequence of porcine IgG3 Fc, to produce divalent VHH-IgG fusion antibodies, named V1G, V2G, V3G, and V4G. Among the porcine IgGs, IgG3 has the longest hinge (23 amino acids) with three cysteine residues and has been predicted to be resistant to peptic degradation (20) .
The VHH-IgG antibody constructs under the control of β-phaseoline promoter cloned within the pPhasGW vector (14) (see Fig. S3A ) were introduced in Arabidopsis via floral dip transformation. The accumulation of VHH-IgG was evaluated in the T2 seeds via a high-throughput ELISA setup with immobilized FaeGac (Fig. S2 A-D) . Within the 24 transformants screened for each VHH-IgG antibody, the range of variation in functional VHH-IgG production was the highest for V2G, followed by V1G, but V3G and V4G antibodies had a relatively low range of variation in accumulation levels (Fig. S2 A-D) . Based on their relative accumulation of functional antibodies, the respective transformants were empirically classified as high, medium, and low expressors for each VHH-IgG. Further characterization of seed extracts from eight to nine transformants (five highest-, two medium-, and at least one low-expressing transformant) for each VHH-IgG antibody by SDS/PAGE under reducing conditions revealed a heterologous band migrating at ∼49 kDa. This band was confirmed to be VHH-IgG (theoretically ∼39.79 kDa) by immunoblot using the anti-pig IgG-specific polyclonal serum ( Fig. S2 A-D) . The higher molecular weight is likely because of glycosylation. The immunoblots also showed the occurrence of ∼33 and ∼15 kDa proteolytic fragments, which were more conspicuous in high expressors (Fig. S2E) . Under nonreducing conditions, the VHH-IgG antibodies migrated at ∼80 kDa, thus confirming that VHH-IgG chains form bivalent homodimers in planta (Fig. S2F) . Additionally, lower molecular-weight dimers of ∼60 kDa were seen in immunoblots developed from nonreduced SDS/PAGE, which could be the union of the proteolytically cleaved IgG3 Fc chains (Fig. S2F) .
The relative accumulation of this ∼49-kDa VHH-IgG antibody chain was in concordance with the functional ELISA results, implying that most of the protein was functional against FaeGac ( Fig. 1 and Fig. S2 ). The four VHH-IgGs in bivalent format also recognize FaeGab and FaeGad variants in a similar ELISA setup. Using purified V2G produced in Nicotiana benthamiana leaves as standards on Coomassie-stained SDS/PAGE and immunoblots, the accumulation level of the different antibodies in seeds was deduced from the band intensity with ImageLab ( Fig. 1) .
To evaluate if higher accumulation can be attained by additional codon optimization of the VHH domain, the VHH (llama) codon use within the highly expressed antibody V1G and the lowly expressed V4G was exchanged with the codon preference of Arabidopsis seed storage proteins. However, this process did not result in a change in the level of antibody accumulation. The codon-optimized version V1cG showed 10% total soluble protein accumulation, and V4cG accumulated to 2% of the total soluble protein, each similar to their respective unoptimized counterparts V1G and V4G ( Fig. 1 and Fig. S2E ).
In-Seed Assembled Functional VHH-IgA-Based Monomeric, Dimeric, and Secretory IgA Antibodies. To produce VHH-IgA-based monomeric (bivalent), dimeric (tetravalent), and secretory IgA (tetravalent) formats (Fig. 2) , the four anti-F4 + ETEC VHHs were grafted on the codon-optimized Fc part of the porcine IgA b . The porcine IgA b has a short hinge of two amino acids (Asp-Pro), which is suggested to lack bacterial IgA protease site and, hence, is deemed to be suitable for the orogastric environment (21) . The resultant four VHH-IgA fusions were named V1A, V2A, V3A, and V4A. Each T-DNA bearing the VHH-IgA coding sequence was cotransformed with individual T-DNAs bearing the coding sequence of the porcine J chain and the SC, each under the control of the β-phaseolin promoter (Fig. S3A ) and primary transformants with different insertions of the three elements (VHH-IgA, J chain, and SC) were identified (Fig. S3B ). Fifty plants with only the VHH-IgA insertion were classified as monomeric VHH-IgA-(mVHH-IgA) expressing plants, 31 plants with a VHH-IgA and J chain insertion as dimeric VHHIgA (dVHH-IgA), and 11 plants with a VHH-IgA, J chain, and SC insert as secretory VHH-IgA (sVHH-IgA) (Fig. S3B) . The respective individual transformants were denoted by letters "m," "d," or "s" before the transformant's name.
The accumulation level of functional FaeG-binding monomeric IgA (bivalent) was similar for all four mVHH-IgAs constructs, as detected by ELISA using polyclonal anti-porcine-IgA antibody (Fig. S3C) . Among the 50 mVHH-IgA-expressing T2 seed stocks, nine (three mV1A, one mV2A, three mV3A, and two mV4A) were selected for further up-scaling and characterization (Fig. 3A) . Immunoblot analysis under reducing conditions showed four heterologous bands of ∼37 to ∼50 kDa, instead of the expected single ∼39 kDa VHH-IgA band (Fig.  3A) . Additionally, lower molecular-weight bands of ∼20 and ∼27 kDa were observed, which could presumably be the result of inseed proteolysis (Fig. 3A) . The four bands from ∼37 to ∼50 kDa were found to bind FaeG in an immunoprecipitation assay (Fig.  S4B) . Thus, the summation of these four band intensities should correspond to the expression level of functional VHH-IgA antibodies, which was determined to be about 0.5% of the seed weight (SW) in all of the lines examined (Fig. S5) . Glycostaining with periodic acid Schiff's reagent and endoglycosidase treatment with PNGase F and EndoH demonstrate that the two high molecular-weight bands bear N-linked glycans (Fig. S4A , bands i and ii). Analysis under nonreducing conditions shows dimers of ∼70 and ∼90 kDa. The ∼70-kDa dimer could perhaps be because of proteolytic truncation of the carboxylic end of VHH-IgA chains. In summary, differential glycosylation along with proteolytic truncation probably leads to the observed four bands.
Dimeric functional complexes of VHH-IgA + J chain were detected in 6 of 32 dVHH-IgA T2 seed extracts using the immobilized FaeG ELISA and a monoclonal antibody against the J chain (Fig. 3 B, a) . The accumulation trend of the assembled VHH-IgA + J chain complex (Fig. 3 B, a) in the six seed extracts was reflected also in the accumulation of the J chain ( Fig. 3 B, c ) detected via immunoblot under reduced conditions. The summation of the four VHH-IgA band (∼37 to ∼50 kDa) intensities was also comparably similar and calculated to be about 0.5% of the SW (Fig. 3 B, b and Fig. S5) . Seemingly, the proportion of assembled VHH-IgA + J chain might depend on the relative ratio of VHH-IgA: J chain molecules expressed and the stoichiometry on their posttranslational modifications.
FaeG-binding functional sVHH-IgA complexes bearing the SC were detected in 9 of the 15 sVHH-IgA T2 seed extracts, using monoclonal anti-SC antibody ( Fig. 3 C, a) . The high molecularweight assembled complexes could be detected in immunoblots under nonreducing conditions and were also demonstrated by size-exclusion chromatography of the affinity-purified IgAs (using ligand Staphylococcus aureus superantigen-like protein 7/agarose) from the sV1cA36 seeds ( Fig. 3 C, e, peak p1, and Fig.  S6 ). To understand the observed variation in the proportion of assembled sVHH-IgA, the relative accumulation of the three constituent elements was determined via immunodetection under reduced conditions from the same blot after successive probing and stripping with anti-IgA, anti-SC, and anti-J chain antibodies. The results showed that VHH-IgA expression was mVHH-IgA dVHH-IgA sVHH-IgA identical in all nine lines and showed typical VHH-IgA bands ( Fig. 3 C, c) as detected for mVHH-IgA and dVHH-IgA. The J-chain expression levels were variable ( Fig. 3 C, d ), and the amount of SC ( Fig. 3 C, b) correlated with the relative expression of assembled sVHH-IgA determined by ELISA ( Fig. 3 C, a) . Additionally, heterogeneity in SC's N-link glycosylation was noticed ( Fig. 3 C, b) . In totality, the finding implies that the molar accumulation of each of the three elements (VHH-IgA, J chain, and SC) in sVHH-IgA has an effect on the final accumulation of assembled sVHH-IgA antibodies. Thus, a fraction of VHH-IgA assembles as sVHH-IgA, but the remainder might assemble as monomeric or dimeric complexes. We could identify the coexistence of dVHH-IgA in three of the sVHH-IgA seed extracts (sV1cA36, sV1A8, and sV1A2). ELISA-based quantitation with purified V2A antibody indicated that the assembled sVHH-IgA in line V2A8 roughly accounts for about 50% of the VHHIgA produced.
Seed-Produced Anti-F4
+ ETEC Antibodies Inhibit Bacterial Binding to Gut Villous Enterocytes. The inhibitory function of the plant-produced antibodies was first tested in an in vitro villus adhesion assay, in which all seed extracts producing the VHH-IgG and mVHH-IgA inhibited the bacterial attachment to the porcine gut villous enterocytes by at least 50%, but wild-type seed extracts did not inhibit the bacterial villus interaction (Fig. S7A ). In addition, mVHH-IgA, dVHH-IgA, or sVHH-IgA also showed inhibition (59%, 66%, and 61%, respectively) ( Fig. S7B ).
Protective Effect of Oral Feed-Based Passive Immunization in Challenged
Piglets. The capacity of seed-produced antibodies in preventing the F4 + ETEC infection when administered orally in feed was evaluated in 21 F4-seronegative and F4R-positive piglets identified from a local pig farm (experimental scheme in Fig. 4A ). These piglets were from different sows and bound to have genetic variability, affecting the outcome of the experiment, of which the F4R status is particularly important. The mucin-4 gene polymorphism test increases the likelihood of identifying the F4R-positive piglets; however, the phenotypic expression of receptors largely varies, as it is believed to involve gene epistasis (22) . Hence, the piglets were randomly assorted into four groups and the phenotypic expression of F4R was confirmed after euthanasia.
For each of the four groups, the respective experimental feed was provided in the feeding vessel installed in the pens. Piglet nos. 1-7 constituted the negative control group, receiving feed with milled wild-type Arabidopsis seeds. The next seven piglets (nos. [8] [9] [10] [11] [12] [13] [14] received an 80-mg mixture of four VHH-IgG antibodies in feed per pig per day (VHH-IgG-80 group), and piglet nos. 15-17 received the same VHH-IgG mixture but at a dose of 20 mg per pig per day (VHH-IgG-20 group). The oligoclonal mix of all of the VHH-IgA based antibody formats in the piglet feed at a dose of 20 mg per pig per day was fed to piglet nos. 18-21 of the VHH-IgA-20 group. All piglets were challenged consecutively on the second (day 0) and third (day 1) day after providing the experimental feed (Fig. 4A ) and the bacterial excretion was followed for a period of 11 d (Fig. 4B) .
Compared with the control group, in which shedding of bacteria was observed until about 8 d postchallenge, the piglets of the VHH-IgA-20 group only shed F4 + ETEC during the first 3 d postchallenge. When interpreting data of the individual piglets (Table S1 ), we observed that three of four piglets in the VHHIgA-20 group showed a high excretion of F4 + ETEC [>5.4 (log 10 )] on day 1, and bacteria could not be detected anymore in fecal samples of day 4. In contrast, three piglets of the control group, with similarly high excretion of F4 + ETEC on day 1, continued to shed F4 + ETEC until day 7 or 8. In the other piglets of the control group that did not show high excretion of F4 + ETEC [<5.4 (log 10 )] on day 1, the initial infection rate was rather low, which can explain the shorter excretion period. Susceptibility of piglets is also influenced by the factors, such as the gut microbiota and stomach physiology, at the moment of experimental infection, which can attribute to variation in F4 + ETEC infection. Nevertheless, high shedding of bacteria by 40-50% of piglets in a group leads to maintenance of higher infection pressure in a pigpen. Notably, in the VHH-IgA-20 group a small amount of F4 + ETEC (100 bacteria per gram feces) reappeared on days 6 and 7 after discontinuing the VHH-IgA feeding regimen. This finding stresses the importance of a continued prophylactic treatment during the F4 + ETEC critical window period (i.e., first 2 wk after weaning), after which piglets are less susceptible to ETEC infections.
The seven piglets of the VHH-IgG-80 group showed prolonged shedding of challenged bacteria in titers higher than those of the control piglets. The VHH-IgG-20 group showed an early decline in bacterial shedding; however, postmortem analysis revealed that these piglets had a low expression of the F4 receptor and are therefore naturally insensitive to F4 + ETEC. Hence, this group was not included in our interpretation (see Table S1 for F4R status of all piglets). The evolution of bacterial shedding in the course of time within the VHH-IgG-80, VHH-IgA-20, and negative control group was significant (P = 0.019).
The prolonged shedding profile of the control and the VHHIgG-80 group correlates with the observed increase of anti-F4 fimbriae antibodies in the blood samples of day 11. Indeed, the VHH-IgA-20 group showed only a weak F4-specific immune response compared with the control and VHH-IgG-80 group. The evolution of the Ig seroconversion rate (all isotypes) observed for the piglets in the VHH-IgA-20 group over time was significantly (P = 0.003) lower than that in the VHH-IgG-80 and control groups (Fig. 4 C-E) . The evolution of anti-F4-IgM levels in serum over time between the VHH-IgG-80, VHH-IgA-20, and negative control group from 3 d before the challenge (day −3) till the day of euthanasia (day 11) showed a tendency of being significant (P > 0.05) (Fig. 4C ), but the difference was statistically significant at day −3 (P = 0.044) and day 11 (P = 0.025). The evolution of serum anti-F4-IgG (Fig. 4E ) and anti-F4-IgA (Fig.  4D ) levels between these three groups from day −3 till the day 11 was significant (P < 0.01 and P = 0.01, respectively). This result suggests that the in-seed-made VHH-IgA-based antibodies at its 20 mg/d dose provided passive protection at the gut mucosal surface by preventing the interaction of the pathogenic bacteria with the host cells, thus avoiding priming of the immune system.
The piglet weight-gain parameters corroborated the results for the VHH-IgA-20 group. The daily weight gain of all piglets in the three groups (negative control, VHH-IgG-80, and VHH-IgA-20) was similar during the challenge period (day −3 to day 5); however, after changing this experimental feed to the basal flax feed from day 5 to day 11, piglets that were previously on VHHIgA-20 feed had the highest weight gain, followed by VHH-IgG-80 feed and the negative control (Fig. 4F) . This observed evolution of weight gain for the three groups over time was highly significant (P = 0.006).
Discussion
Oral passive immunization can lead to immediate mucosal protection at the gastric surface, and can prevent enteric infections (16) . The oral route is more suitable for mass administration of antibodies for humans, as well as for farm animals compared with the needle-based route. Particularly in case of PWD, specific antibodies against noninvasive E. coli are needed at the intestinal mucosal surface, to prevent ETEC attachment, colonization, and subsequent secretion of toxins. Oral passive immunization, however, runs the risk of antibody degradation in the harsh gastric environment before being effective (23) . Another factor is the choice of antibody isotypes; unlike IgG, antibody isotypes IgA and IgM in their polymeric and secretory formats are better suited for mucosal surfaces. With the aim to develop an oral passive immunization-based approach to prevent the F4 + ETEC infection-related PWD in piglets, we expressed antibodies in seeds. To address the second issue of apt antibody isotype choice, we embarked on a nonconventional strategy by designing unique light chain-devoid, simple, and robust chimeric antibodies by grafting llama anti-F4 + ETEC VHHs on pig Fc. Based on the strategy, four anti-F4 + ETEC VHHs, when expressed as a fusion to porcine IgG3 or IgA b in Arabidopsis seeds, led to the production of divalent antibodies. Furthermore, cotransformation of VHH-IgA with the J chain-and SC-produced multivalent dVHH-IgAs and sVHH-IgAs. Although all of the assembled antibody formats precisely recognized the antigen and inhibited the attachment of the F4 + ETEC bacteria in vitro, the results of the piglet feed-challenge experiment provide the proof of efficacy of oral passive immunization.
In the feed-challenge experiment, the dose for antibodies in feed formulation was calculated based on a previous neonatal challenge model where protection was achieved by monoclonal anti-F4 + ETEC antibodies (murine IgG1) at a concentration of 8 mg/100 mL of milk (24) . From the observed consumption of milk by neonatal piglets until weaning (4 wk of age) and the ratio of weight gain to feed consumption during the first and second week after weaning, we estimated that if not weaned, 4-to 5-wk-old piglets would consume a minimum of 1 L milk per day, corresponding to ∼80 mg of antibody per piglet per day. Because a substantial portion of the VHH-IgA treatment mixture contains the tetravalent constructs, we opted to use four-times less VHH-IgA (i.e., 20 mg) compared with the VHH-IgG dose (80 mg). Thus, three treatment groups receiving (i) 80 mg of VHHIgG per day, (ii) 20 mg of VHH-IgA per day, and (iii) 20 mg of VHH-IgG per day were included. However, piglets in the VHHIgG-20 group showed low F4R expression, which is required for bacterial attachment and establishment of infection, making it difficult to draw comparisons between the two oligoclonal mixtures of VHH-IgG-and VHH-IgA-based feeds.
The rapid decline in shedding of the challenge strain in the sensitive piglets (F4R-positive) of the VHH-IgA-20 group to below the detection level of less than 100 bacteria per gram of feces at day 4, strongly suggests that the VHH-IgA-20 diet reduced or even prevented bacterial attachment, colonization, and hence multiplication. This process resulted in an overall reduced infection pressure in the pigpen, which is essential for achieving a herdpassive immunity and limiting transmission in farm conditions.
The observed high bacterial shedding and high seroconversion of the VHH-IgG-80 group suggests that the VHH-IgG fusion might not always be best for oral passive immunization. An explanation for this may be the presence of the Fc neonatal receptor (FcRn). While studying the porcine FcRn, Stirling et al. noticed almost a promiscuous transport of orally administered bovine IgG into the pig's blood circulation, through the porcine FcRn, which is expressed in the gut of juvenile as well as adult pigs (25) . The faster seroconversion and prolonged bacterial shedding observed in the VHH-IgG-80 group could be a result of the interaction of the porcine VHH-IgG3 with the FcRn, resulting either in clearance of the VHH-IgG by transport across the gut epithelium or in facilitating bacterial attachment.
From the sequence analysis, porcine IgG3 has been predicted to bind the FcRn receptor with the highest affinity than the other five porcine IgG subclasses (20) ; given this, the interaction of VHH-IgG to FcRn in the gut could be very likely. Alternatively, the VHH-IgG might have been rendered ineffective in the gastric environment. If the hypothesis of FcRn-IgG3 interaction would be true, it would be an interesting way for receptor-mediated uptake of vaccine antigens (e.g., antigen-IgG3 Fc fusion) in the gut's epithelium to elicit mucosal immunity.
The stability of antibody constructs in gut might have also favored efficacy of VHH-IgA-20 feed over VHH-IgG-80 feed. The association of the SC with human plasma-derived polymeric IgAs was shown to prevent their degradation in mouse intestinal washes for more than 16 h (15). Presumably, the seed-expressed SC, associated to the VHH-IgA, also attributes to the VHHIgA's stability in the piglet gut. Higher accumulation of assembled sVHH-IgA would thus be desirable. Modulating the expression ratios of all of the elements (VHH-IgA, J chain, and SC) might influence higher assembly, as it has been recently demonstrated in case of reconstituted SIgA from plasma-purified dIgA + human colostrum-derived SC, that the association is equimolar and excess of SC remains unassembled (15 observed differential glycosylation and in-seed proteolysis of VHH-IgA might also affect the stoichiometric assembly of antibodies; however, this aspect of posttranslational modifications might differ in the seed tissue of other plant species.
To deliver a proof of commercial feasibility for oral passive immunization of piglets in the future, the VHH-IgA-based antibodies would need to be transformed in a feed crop like soybean or pea. In field conditions, both in large-scale pig farms as well as small-scale subsistence farming, the ability of antibody-containing feed to rapidly limit bacterial shedding would help in decreasing the overall infection pressure within the herd and in reducing the dependency on antibiotics. The future valorization of these results into a product will depend on the final cost of the VHH-IgAbased feed. Although the production cost of such feed would be low, the final market sale price would also have to incur for the expensive GMP regulatory testing and registration steps.
In addition, the simplified sVHH-IgA-based molecules could be evaluated for human passive mucosal immunization, for example against cholera, which is based on similar pathogenic mechanisms as weaning diarrhea. For such an application, sVHH-IgA can be produced in confined cGMP-compliant infrastructures. Production of VHH-IgA-based dVHH-IgA and sVHH-IgA might be an alternative to commercial production of dIgA and SIgA, thereby empowering to unleash the potential for passive mucosal immunization in veterinary and human medicine.
In conclusion, we have shown the merit of designer VHHIgA-based multivalent antibodies for immediate protection by oral, feed-based passive immunization.
Materials and Methods
Generation of Anti-FaeG VHHs. The anti-FaeG VHHs were generated, as described previously (26) , by immunizing llama with purified FaeGac, with the exception that the VHH displaying phage particles were panned in parallel against immobilized FaeGac and FaeGad. Sequence of the selected four VHHs (V1-V4) and the codon-optimized versions (V1c, V4c) have been deposited in GenBank database (accession nos. KC848502-KC848507).
VHH-ETEC Agglutination Assay. The VHHs were covalently linked to magnetic beads (Dynabeads M-270 carboxylic acid), making them multivalent, and mixed with bacterial cells as follows: C585-80 expressing F4ad fimbriae, C95-72 expressing F4ac, C1023-78 expressing F4ab, the negative control strain K514 expressing no fimbriae or K514-PIH120 (transformed with plasmid PIH120) expressing F18 fimbriae on a glass slide, after which the agglutination was noted.
Construction, Expression, and Characterization of VHH-Fc Fusion-Based Antibodies.
All of the VHH-Fc fusions and the SC were cloned into the pPhasGW vector (14) with the N-terminal signal peptide of the Arabidopsis seed storage 2S2 protein and a C-terminal endoplasmic retention tag (KDEL). The J chain was cloned with the same regulatory elements into a multisite gateway vector with the Bar gene for selection. Transformants were obtained by floral dip. The soluble seed protein content was measured using the Bio-Rad DC protein assay kit. The accumulation of assembled functional antibodies was determined by FaeGac immobilized ELISA. The characterization and quantification of the seed-produced antibodies was performed via SDS/PAGE and immunoblotting. More details can be found in the SI Materials and Methods.
Glycan Analysis. The periodic acid Schiff's staining of the glycoproteins was performed using the Glycoprotein staining kit (Thermo Scientific). The mobility shift in SDS/PAGE was assessed on N-linked Glycosidase treatment with Endo H and or PNGase F.
Piglet Villous Binding Inhibition Test. This test was performed as described by Coddens et al. (27) ; more details are in SI Materials and Methods.
Feed Formulation and Piglet Feed-Challenge Experiment. From the determined antibody expression level in seeds, the respective experimental feed were formulated (Table S2) , details of which are in SI Materials and Methods. Based on a previous piglet challenge model (28) , the feed-challenge experiment (Fig. 4A) was developed, which is described in detail in SI Materials and Methods. (V1c), and VHH V4 (V4c) sequences were optimized to the codon use observed in Arabidopsis seed storage proteins. The Kozak (CCACC) and 2S2 seed storage signal peptide were added upstream of all synthesized sequences, and the endoplasmic reticulum retention signal KDEL was fused to the carboxyl-terminal end. In case of VHHs, an EcoRI site was added before the Kozak sequence. In the same assembly (EcoRI-Kozak-2S2-VHH) the VHHs V1 and V4 were fused to the Fc sequence of porcine IgG3 and porcine IgA b , respectively, during synthesis. The entry clones were made by BP recombination reaction in pDON221 in accordance with the Gateway manual. In the entry clones all of the permutations of VHH-Fc fusions were made by swapping the VHHs using the introduced EcoRI and the conserved BstEII restriction sites in the VHH FWR4.
The entry clones with VHH-Fc fusions and SC were cloned in the Gateway pPhasGW vector (1) bearing the seed-specific β-phaseolin promoter, arceline terminator, and the nptII gene for kanamycin resistance. The J chain entry plasmid was recombined in a Multisite Gateway reaction together with entry plasmids bearing the β-phaseoline promoter and 3′ arceline terminator, according to the Gateway cloning manual. The J chain encoding T-DNA contains the Bar gene and enables selection of phosphinotricin-resistant transformants.
The respective expression plasmids transformed in Agrobacterium strain C58C1Rif R (pMP90) (2) were used for floral dip (3). For the triple cotransformation, 3.3 mL of each of the three overnight-grown Agrobacterium cultures carrying the expression plasmids for J chain, SC, and one of the VHH-IgA fusions (V1A, V2A, V3A, V4A, V1cA, V4cA) were mixed and diluted to 50 mL with dipping solution.
Transformants were selected on kanamycin-containing MS medium, and leaves of kanamycin-resistant triple cotransformants were further screened by the callus induction test (4) on phosphinothricin-containing media. Different transformants with VHH-IgA, VHH-IgA + J chain, or VHH-IgA + J chain + SC genes were identified by PCR using primers complimentary in the common signal peptide (GGAATTCCCACCATGGCAA-ACAAGCTTTTCCTCGTCTGCGCAACTTTCGCCCTC) and terminator sequence (ACAGGGAAGGTGGTTTTGGG). Finally, single locus lines were identified, and homozygous seed stocks were obtained as described previously (5).
The seed protein-extraction method (5) was modified for processing 96 samples simultaneously and the soluble protein content was measured using the Bio-Rad DC protein assay kit. The level of functional antibodies in the soluble extracts was determined by ELISA with immobilized FaeGac. Serial dilutions of 1 mg/mL seed protein extracts (typically 1/100, 1/200, 1/400, 1/800) were made in 2% skimmed milk in PBS, and the bound VHH-Fc based antibody was detected using specific antibodies. VHH-IgGs were detected with polyclonal rabbit anti-porcine IgG (Sigma; A5670) conjugated to HRP (diluted 1/40,000 in 2% skimmed milk). For detection of VHH-IgA antibodies, polyclonal anti-porcine IgA antibody raised in goat and conjugated to HRP (AbD Serotech; AA140P), diluted 1/10,000 in 2% skimmed milk, was used. To detect FaeGac bound VHH-IgA bearing J chain, the anti-J chain monoclonal antibody (Thermo Scientific; MA1-80527) was used diluted 1/1,000 in 2% skimmed milk in PBS. The SC bearing VHH-IgA antibody was detected using the monoclonal anti-pig secretory component antibody (Thermo Scientific; MA1-80544). In both the J chain and SC ELISA, the anti-mouse polyclonal made in sheep conjugated to HRP (Amersham Bioscience; NA931V) was used as secondary antibody, diluted 1/5,000 in 2% skimmed milk in PBS.
The characterization and quantification of the seed-produced antibodies via SDS/PAGE, as well as immunoblotting, were done as described previously (6) . The specific antibodies used in the ELISA were also used for developing the immunoblots, diluted 1/4,000 in 2% skimmed milk in PBS.
The reference V2G t antibody, used for quantification of VHHIgG, was produced transiently in Nicotiana Benthamiana leaves using the pEAQ vectors (7) .
For analytical analysis, the VHH-IgGs were purified using Protein A Sepharose columns (HiTrap rProtein A FF; GE Healthcare), and porcine IgA-based antibodies were purified using Staphylococcus aureus superantigen-like protein 7 (SSL7)/ Agarose resin (InvivoGen). Size-exclusion chromatography was performed using Superdex 200 (GE Healthcare) columns with PBS as mobile phase.
The FaeG binding VHH-IgA fragments were detected by using a Co-Immunoprecipitation Kit (Fisher Scientific), where FaeGac was covalently linked to coupling resin.
Piglet Villous Binding Inhibition Test. The intestinal villi were gently scraped from the pig gut mucosa with a glass slide. These villi were fixed in 160 mM Krebs-Henseleit buffer, pH 7.4 containing 1% (vol/vol) formaldehyde and a sample was tested for the presence of the receptor by incubation with the F4
The wild-type F4 + ETEC strain GIS26 (serotype o149:k91: F4ac, LT + , ST + , STb + ) (8) was cultured on brain heart infusion agar plates (Oxoid) at 37°C for 18 h and the cells were collected from the plate and washed in 1% (wt/vol) D-mannose in PBS (PBSM). Addition of mannose prevents the bacterial adhesion mediated by type 1 pili. The OD of these cells was immediately measured at a wavelength of 600 nm, where an OD of 1 corresponds to 10 9 bacteria per milliliter. Seed extracts were made by suspending 10 mg of crushed Arabidopsis seeds in 250 μL of PBS. After centrifugation for 5 min at 20,000 × g, 100 μL of clear aqueous phase was used for the inhibition test. Then, 4 × 10 8 bacteria were incubated with the 100 μL of seed extract made in PBS in a final volume of 450 μL made up by PBSM and incubated for 1 h on a rotation wheel. Antibody IMM01 was used as experimental control, in which case 100 μL of hybridoma cell culture supernatant (∼10 μg) was used (9) . After 1 h, the villi from the pig gut were washed with Kreb-Henseleit buffer, and 50 μL of these villi were added to the bacteria-seed extract mixture and incubated again for 1 h on the rotating wheel. After the incubation, this mixture was analyzed by phase-contrast microscopy at a magnification of 600×. All of the samples were blinded to eliminate experimental biasness while counting the number of bacteria bound to the villi surface. A 50-μm length of the villous brush border was selected randomly and the number of attached bacterial cells in this length was counted. This process was repeated for 20 such randomly chosen 50-μm length of the villi surface. The average number of bacteria bound to a 250-μm length of the villi surface was used to calculate the percentage inhibition.
Feed Formulation. The feed intake of piglets of about 4 wk of age in our laboratory setting was noted to be about 300 g/d, on which the prophylactic feed formulation was based. First, the lines expressing the highest amount of functional, assembled antibodies were up-scaled to obtain more than 100 g of seeds from each. Then, equal weights of the four VHH-IgG-producing seeds were mixed to form the VHH-IgG-pool, and similarly equal weights of the four sVHH-IgAs, four dVHH-IgAs, and four mVHH-IgAs were mixed to make the VHH-IgA-pool, and seeds of both pools were milled. Because the concentration of oligoclonal VHH-IgG in the pool was 1.4% of the seed weight, milled VHH-IgG-pool seeds were added to 1.9% of feed to dose 80 mg antibody per 300 g of VHH-IgG-80 feed and to 0.48% of feed to dose 20 mg per pig per day (per 300 g) in VHH-IgG-20 feed. The concentration of VHH-IgA in the VHH-IgA pool was 0.2% of seed weight; 3.3% of these crushed seeds were added to the feed to dose 20 mg antibody per piglet per day (per 300 g) in VHHIgA-20 feed. For the negative control feed, milled wild-type Arabidopsis seeds were added to 1.9% of feed (Biggenmeel; BVBA Voeders van Huffel). To maintain nutritive homogeneity in all feed formulations, crushed flax seeds, which have a comparable fat and protein content as Arabidopsis seeds, were added to 1.4% in VHH-IgG-80 and negative control feed and to 2.82% in VHH-IgG-20 feed. A similar nutritional balance was maintained in basic flax feed provided before and after the experiment feed duration, which contained 3.3% crushed flax seeds (flax feed) ( Fig. 4A and Table S2 ).
Piglet Feed-Challenge Experiment. All of the experimental procedures involving piglets and their maintenance was done in accordance to the Belgian legislation for animal welfare and were approved by the Animal Care and Ethics Committee of the Faculty of Veterinary Medicine at Ghent University, Belgium (EC2011/124). One-hundred suckling piglets, raised in a conventional Belgian porcine farm (Belgian Landrace × English Landrace), were screened, of which 21 piglets from three litters, seronegative for anti-F4 + ETEC antibody and heterozygous for the F4 receptor (F4R) gene (genotype -RS) were selected for the feed-challenge experiment (10, 11) . The piglets were challenged twice: the first day of challenge designated as day 0 on the time line in Fig. 4A . At about 3 wk of age, the piglets were weaned and brought to the laboratory stables, where for the first 8 d (day −14 to −7) they were housed together in one pen at 24 ± 2°C, with water and flax feed containing 2 g colistin per kilogram of feed available ad libitum.
On day −6, all of the piglets were weighed, given an ear tag numbered from 1 to 21, and separated into four pens for each of the four experimental feed-treatment groups. Within these pens, water was provided ad libitum and the experimental feed was regulated: 350 g (300 g + extra 50 g to account for spillage) of respective feed was calculated per pig daily and provided in the common feeding units installed in each pen. The negative control group (C) included seven piglets (nos. 1-7) and received feed with milled wild-type Arabidopsis seeds. The next seven piglets (nos. [8] [9] [10] [11] [12] [13] [14] constituted the VHH-IgG-80 group receiving the VHH-IgG-80 feed. Piglets 15, 16, and 17 comprised the VHH-IgG-20 group and received the low-dose VHH-IgG-20 treatment. The remaining four piglets (nos. 18-21) received VHH-IgA-20 feed bearing a mixture of VHH-IgA antibodies (mVHH-IgA, dVHH-IgA, and sVHH-IgA). After moving the piglets, some distress and loose feces was noticed in a few piglets, most likely because of moving stress. However, as a precaution colistin was administered orally on day −3 and on day −2 flax feed was given. On day −1, piglets showed normal signs of healthy behavior and the experimental feed regime was started. The experimental feed with milled Arabidopsis seeds was fed for 6 d from day −1 until day 4. After day 4, the feed in each pen was switched to flax feed, which was then provided ad libitum until day 11, when the piglets were euthanized by injecting an overdose of Nembutal (60 mg/kg body weight). Challenge strain and bacterial inoculum. The pathogenic isolate, Escherichia coli strain GIS26 (O149:K91:F4ac, LT (8) , was made resistant to 1 mg/mL of streptomycin in a stepwise manner by screening for bacterial colonies that grew on a higher dose of streptomycin. Before infection, the presence of all of the toxin genes in this streptomycin-(1 mg/mL) resistant strain was confirmed by PCR. The expression of F4 fimbriae and its potential to attach to F4R was confirmed by an in vitro adhesion test, and this strain was named GIS26R strep . One day before the challenge, the inoculum was prepared with GIS26R strep , as described previously (12) . Challenge. To reduce the bacterial gut flora, on days −6 and −5 the piglets were orally given a broad-spectrum antibiotic mix of 1 mL florfenicol (Nuflor) and 2.5 mg/kg body weight of Baytril (enrofloxacin) in 5 mL of PBS, and a further 150,000 U/kg of colistin was administered orally on day −3. After the antibiotics cleared from the piglet system, on day 0 and day 1, the piglets were challenged, after brief sedation, with Stressnil (40 mg/mL; Janssen-Cilag). In brief, the gastric pH was neutralized by intragastric administration of 62 mL NaHCO 3 (1.4% in distilled water), followed by intragastric administration of 10 10 F4
+ ETEC in accordance to the protocol described previously (13) , with the exception that the piglets were not fasted or deprived of water both before and after the challenge.
During the course of the experiment, the weight gain was evaluated by measuring the body weight on days −6, −3, 1, 3, 5, 7, and 11. Blood samples were taken from the jugular vein on days −3, 4, and 11; fecal samples were taken from the anus (or through the rectum) on day −3, days 1-8, and day 11. After euthanasia, the piglets were dissected and a ∼20-cm-long segment of the jejunum was excised, washed with sufficient PBS followed by Krebs-Henseleit buffer, and fixed by 60-min incubation in Krebs-Henseliet buffer with formaldehyde [1% (vol/ vol)]. The villus enterocytes were scraped from this segment and used to reconfirm the phenotypic expression of the F4Rs via adhesion assay, as described previously (14) .
Determination of F4
+ ETEC shedding in feces. The feces collected were kept on ice and processed immediately. First, a 10% (wt/vol) fecal suspension was made in cold PBS and serially diluted from 10% stock to 1 × 10 −5
. One-hundred microliters of each dilution was plated with glass beads on blood-agar plates (Oxoid) with 1 mg/ mL streptomycin and 20 μg/mL of tetracycline and 10% (vol/vol) defibrinated sheep blood (Bio Trading). After growing at 37°C overnight, the hemolytic F4 + ETEC bacteria were counted and the bacterial count was dually confirmed via colony blotting using the FaeG-specific MAb IMM01, as previously described (15) .
Determining piglet anti-F4
+ ETEC antibodies in serum after the challenge.
To determine the presence of anti-F4
+ ETEC antibodies in the serum, an ELISA set-up (11) with immobilized F4 fimbriae was used. Serum was processed from the blood collected on days −3, 4, and 11. All of the samples were loaded in duplicate, together with positive and negative reference serum. The OD of the colorimetric product developed at the end of the enzyme-substrate reaction was measured at 405 nm and the rise in serum anti-F4-IgG, anti-F4-IgM, anti-F4-IgA, and the total Ig level were evaluated (16) using the detection antibody anti-pig IgG (Bethyl a100-104a), anti-pig IgM (Bethyl A100-100A), anti-pig IgA (Bethyl A100-102A-13), and anti-pig (total) (Dako z0139) antibodies, respectively. The seroconversion was compared between the four groups and between all pigs in the same group. (100) is denoted at the node. (B) VHH agglutination test is shown with VHH V2 and V3 in a multivalent form coupled to magnetic beads, specifically agglutinating all three serotypes of F4 + ETEC (FaeGad, FaeGac, and FaeGab) and not the negative control E. coli strain K514, which does not produce any fimbriae nor E. coli expressing F18 fimbriae (K514-pIH120 i.e. K514 transformed with plasmid pIH120) as nonspecific fimbriae control. (C) The VHH amino acid sequence alignment of the four VHHs is annotated indicating the framework regions (FWRs) interspersed with the three complementarity determining regions (CDRs). The single amino acid difference Lys-100-Arg between the VHH sequence of V3 and V4 in the CDR3 region is boldface. , a) The result of the periodic acid Schiff-stained gel with purified sVHH-IgA and dVHH-IgA antibodies from the T3 lines sV3A40-1 and dV3A38-1, respectively, compared with wild-type (WT) seed extract. Of the four VHH-IgA bands (∼50 to ∼37 kDa), the upper two bands were stained pink with periodic acid Schiff, indicating the presence of glycans (pink arrows), and the lower two bands (counter stained with Coomassie) were unglycosylated (black arrows). The arrowhead indicates the porcine SC (∼75 KDa), which is also glycosylated. The periodic acid Schiff staining results were confirmed by endoglycosidase digestion (PNGase F and Endo H) shown in A, b, where the four VHH-IgA bands (black arrows labeled i, ii, iii, iv) on cleaving of glycans were reduced to two bands (iii, iv). (B) The four posttranslational forms of VHH-IgA (37-50 kDa), and also some smaller fragments bind to FaeGac coupled agarose beads, as detected in the immunoblot with anti-pig IgA antibody. 
